Staphylococcus aureus is a human pathogen that causes infections by initial colonization of skin and mucosal surfaces. S. aureus causes nearly any type of infection, ranging from relatively benign furuncles and skin abscesses to potentially lifethreatening necrotizing pneumonia and toxic shock syndrome (TSS) (16, 42) . Development of antibiotic resistance is particularly problematic in this organism, especially in hospital settings and more recently in community settings, where the prevalence of methicillin resistance is increasing significantly (11, 17) . There are two major categories of TSS caused by S. aureus: nonmenstrual, which may follow any type of S. aureus skin or mucous membrane infection (48) ; and menstrual (mTSS), in which the S. aureus cells remain localized on cervical-vaginal and/or oral mucosal surfaces (14, 46, 58) . mTSS occurs during or within 2 days of onset or termination of menses, with the symptoms of mTSS dependent on the exotoxin TSS toxin 1 (TSST-1), having effects systemically on cells of the immune system as a superantigen (8, 39, 56) .
The superantigen effects of TSST-1 on T lymphocytes and macrophages have been extensively studied. TSST-1 was determined to induce massive cytokine release from both T cells and macrophages by cross-bridging major histocompatibility complex (MHC) class II molecules on macrophages with T-cell receptors (TCRs) on CD4 ϩ T cells, which is dependent on the composition of the ␤ chain of the TCR variable region (22, 35-37, 39, 41, 43, 44) . Despite the extensive knowledge of superantigen effects on the adaptive immune system, the TSST-1 interaction with the vaginal epithelium and the mechanism of TSST-1 penetration across the human vaginal mucosa remain unresolved. One recent collaborative study suggested that purified internally 35 S-labeled TSST-1 (Յ50 g/ml) was unable to penetrate intact vaginal mucosal tissue in sufficient amounts to induce TSS (13) . In addition, prior studies suggested that TSST-1 at doses of 10 and 20 g/ml had the ability to slow the growth of isolated conjunctival epithelial cells (31, 32) .
In this study, we began investigations of the interaction between purified TSST-1 and TSST-1-producing S. aureus with an immortalized human vaginal epithelial cell (HVEC) line isolated from a premenopausal woman. Epithelial cells represent the predominant cell types that initially come into contact with TSST-1 and S. aureus strains. This study utilized human genome microarray analysis to determine altered HVEC gene expression in response to TSST-1 and TSST-1-producing S. aureus and enzyme-linked immunosorbent assay (ELISA) to confirm the changes in protein levels associated with altered gene expression. Results of our studies suggest that vaginal epithelial cells are components of the innate immune system. Following stimulation with TSST-1 and TSST-1-producing S. aureus, vaginal epithelial cells up-regulate the expression of chemokine and cytokine genes, which may lead subsequently to activation of the adaptive immune system. In addition, our data demonstrate that viable TSS S. aureus cells actively growing on intact vaginal porcine mucosal surfaces increase the flux of TSST-1 across the intact vaginal tissue, with accompanying influx of lymphocytes into the upper epithelial layers. Our long-term goal is to describe the mechanisms by which S. aureus remains localized on the vaginal mucosal surface yet causes systemic TSS disease manifestations through the effects of TSST-1.
MATERIALS AND METHODS
Bacteria. S. aureus strains MNSM and MN8 were used in these experiments. The strains were isolated from patients with mTSS. MNSM and MN8, representatives of the major class of mTSS S. aureus isolates, are tryptophan auxotrophs, with S. aureus pathogenicity island 2 (SaPI2) containing tst (the gene for TSST-1) inserted within the tryptophan operon, bacteriophage type (29/52) , and the same multilocus enzyme electrophoresis profile as the majority of TSS isolates (45) . In vitro S. aureus MNSM and MN8 produced the same approximate concentration of TSST-1 as other mTSS isolates. (The range of TSST-1 production by strains was 3 to 100 g/ml.) MNSM and MN8 were positive for the staphylococcal enterotoxin A (SEA) gene by PCR, but made less than 75 pg of SEA per ml when cultured in a dialyzable beef heart medium (10). S. aureus RN4220(pCE107) was cultured in a pyrogen-free dialyzable beef heart medium containing erythromycin (5 g/ml) for production of TSST-1 (43) . Strain RN4220 has been shown to lack endogenous superantigen production. The plasmid pCE107 is a high-copynumber plasmid containing tst. S. aureus strain MNNJ was used for production of staphylococcal enterotoxin B (SEB) (63) , and Escherichia coli containing pET28b with a speA insert was used for production of streptococcal pyrogenic exotoxin A (SPE A) (40) .
Superantigen purification. TSST-1 was partially purified by ethanol precipitation (75% final volume) from late-stationary-phase culture fluids of S. aureus RN4220(pCE107) grown at 37°C with high aeration (200 rpm) and resolubilization in pyrogen-free water (10) . TSST-1 was purified to homogeneity by thinlayer isoelectric focusing in pH gradients: first from 3 to 10 and then from 6 to 8 (10) . SEB was comparably purified from S. aureus strain MNNJ, except that the second isoelectric focusing gradient was 7 to 9 (63). SPE A was prepared from a pET28b clone (40) ; in this case, the second isoelectric focusing gradient was 4 to 6. The superantigens migrated as visible, clear bands in the opaque background of the gradients with pIs of 7.2 for TSST-1, 8.5 for SEB, and 5.0 for SPE A. After isoelectric focusing, ampholytes were removed following 4 days of dialysis against pyrogen-free water. Purified toxins (5 g) were homogeneous when tested by sodium dodecyl sulfate-polyacrylamide gel electrophoresis (SDS-PAGE) and silver staining (33) . In addition, the proteins, at concentrations of 1 mg/ml, were negative for lipopolysaccharide (endotoxin), as tested by Limulus assay (Sigma Chemical Company, St. Louis, Mo.). The TSST-1 and SEB proteins lacked detectable hemolysins (␣, ␤, and ␦), protease, and lipase as tested in bioassays and compared to standards (described below).
Characterization and cell culture of an immortalized HVEC line. Primary normal human epithelial cells were isolated from premenopausal vaginal hysterectomy tissue, obtained from a woman who did not have cancer, by methods that have been previously described for the isolation of human foreskin epithelial cells (25, 30) . Cells were grown in keratinocyte serum-free medium (KSFM) (Gibco, Invitrogen, Carlsbad, Calif.) on plastic and passaged with a 1:4 split using trypsin-EDTA. Early-passage cells were doubly transduced with retroviruses expressing human papillomavirus 16 (HPV-16) E6/E7 (a gift from D. Galloway, Seattle, Wash.) and the reverse transcriptase component of telomerase, hTERT (obtained from the Geron Corporation, Menlo Park, Calif.), and selected with 50 g of the antibiotic G418 per ml (Sigma). The E6/E7/TERT cells (V428) had high levels of telomerase and became immortal without a crisis, whereas normal untransduced cells senesced around passage 9.
For all experiments, HVECs were cultured at 37°C in a 7% CO 2 incubator in KSFM supplemented with bovine pituitary extract and epidermal growth factor as provided by the manufacturer and a 2% final volume of penicillin-streptomycin-amphotericin B (Fungizone; Gibco, Invitrogen). The HVECs were stained with a mixture of immunoglobulin G monoclonal antibodies AE1 and AE7 (Chemicon International, Temecula, Calif.) to characterize their cytokeratin production. Clone AE1 detects the high-molecular-weight cytokeratins 10, 14, 15, and 16 and the low-molecular-weight cytokeratin 19. Clone AE3 detects the high-molecular-weight cytokeratins 1 to 6 and the low-molecular-weight cytokeratins 7 and 8.
TSST-1 receptor determination on HVECs. 35 S-labeled TSST-1 was prepared from the RN4220 clone as described previously (10, 13) . Briefly, the cells were grown to a cell density of 5 ϫ 10 8 /ml in 50 ml of beef heart dialysate medium, and then 10 mCi of [ 35 S]methionine was added. The culture was then incubated overnight at 37°C with high aeration (200 rpm). Finally, TSST-1 was purified by ethanol precipitation, resolubilization in water, and isoelectric focusing. Experiments to assess TSST-1 binding to HVECs were performed at 4°C to prevent toxin internalization by the cells. HVECs were cultured in 75-cm 2 flasks (BD Falcon, Bedford, Mass.) until confluent (approximately 10 7 cells/flask). The cells were then scraped from the flasks with rubber spatulas, the contents of multiple flasks were combined, and the cells were resuspended in PBS for use. Initial experiments assessed the time required to saturate the receptors on the HVECs for TSST-1, with time points including 0, 5, 15, 30, and 60 min. At each time point, the cells were incubated with TSST-1, washed three times by centrifugation at 4°C, and both the cells and supernatants were counted for radioactivity with a scintillation counter. Scatchard analysis was performed to determine receptor numbers per HVEC.
Bacterial virulence factor assays in KSFM. TSST-1 was quantified by a sandwich ELISA procedure (64) . ␦ hemolysin was estimated by a competition ELISA procedure. Briefly, intact ␦ hemolysin was synthesized by the University of Minnesota Microchemical Facility; it was chromatographically purified and verified to have hemolytic activity. A rabbit was hyperimmunized against the hemolysin, and serum was collected and verified as reactive with ␦ hemolysin. The immunoglobulins were collected by 33% ammonium sulfate precipitation and resolubilization in phosphate-buffered saline (PBS). A competition ELISA was set up in which microtiter plate wells were coated with ␦ hemolysin, different concentrations of ␦ hemolysin (or culture fluids) plus a predetermined dilution of anti-␦ hemolysin antibodies were added, and the plates were developed with antirabbit-horseradish peroxidase conjugate (64) .
␣ hemolysin, lipase (glycerol ester hydrolase), and protease were measured in bioassays compared to the activities of known concentrations of purified control proteins (55) . Briefly, rabbit erythrocytes (␣ hemolysin), tributyrin (lipase), or casein (protease) was added to 45°C agarose (0.75% in PBS), and 4 ml of homogeneous mixtures was applied to microscope slides. After solidifying, 4-mm wells were punched in the agarose, and 20-l volumes of culture fluids or control purified proteins were added to the wells. Finally, the slides were incubated humidified at 37°C for 8 h. The areas of the zones of clearing were determined to be proportional to protein concentrations.
SEM and confocal microscopy. Single-cell suspensions of S. aureus MN8 were cultured in KSFM (without antibiotics) with HVECs previously grown to confluence in transparent cell culture inserts (Becton Dickenson Labware, Franklin Lakes, N.J.) at 37°C for up to 6 h to assess adherence and growth of the strain on the epithelial cells. After 6 h, the surface was washed with PBS to remove nonadherent cells, and the HVECs with bound staphylococci were fixed for scanning electron microscopy (SEM) according to instructions provided by the University of Minnesota SEM facility. A Hitachi S-800 instrument was utilized to visualize S. aureus MN8 adherence and replication on HVECs. HVECs were also examined by confocal microscopy at the University of Minnesota Biomedical Process Imaging Laboratory to assess TSST-1 effects on cell morphology following coculture with TSST-1 at concentrations of both 10 and 100 g/ml in KSFM at 37°C.
Microarray experiments of HVECs incubated with TSS S. aureus and TSST-1. Affymetrix GeneChip Human Genome U133A (Santa Clara, Calif.) was used to analyze HVEC gene up-or down-regulation in the presence of S. aureus MNSM (10 9 CFU/ml in KSFM without antibiotics) (100 bacteria per epithelial cell) at 3 and 6 h and S. aureus MN8 (10 9 CFU/ml in KSFM without antibiotics) (100 bacteria per epithelial cell) at 6 h. The 6-h maximum incubation time was chosen, since this is the approximate time that women wear a tampon (59) . In addition, similar analyses were performed following incubation of HVECs with purified TSST-1 (10 and 100 g/ml) for 3 and 6 h. Control flasks contained KSFM alone without antibiotics and were comparably incubated for 3 and 6 h. The protocol entailed culture of the HVECs in 75-cm 2 flasks (BD Falcon, Bedford, Mass.) until confluent (determined to be approximately 10 7 HVECs/flask). Prior to initiation of the experiments, the medium was then changed to include KSFM alone (without antibiotics), KSFM plus purified TSST-1 (10 or 100 g/ml), or KSFM plus 10 9 bacteria/ml, that had grown to the late exponential phase in KSFM. In vitro, S. aureus cell counts of 10 9 /ml correspond to the time of
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bacterial growth when secreted virulence factors such as TSST-1 are typically made and cell surface virulence factor genes, such as the gene for protein A, are down-regulated (63) . After 3 and 6 h of incubation, supernatants were removed from the flasks and frozen at Ϫ20°C for later chemokine and cytokine analysis by ELISA and to quantify exotoxin production. The HVECs were removed from the flasks by trypsinization (5 to 8 min at 37°C) and collected by centrifugation (250 ϫ g for 5 min). The cell pellets were used for RNA extraction, which was accomplished with an RNeasy Mini kit from QIAGEN (Valencia, Calif.). RNA samples were processed for use in hybridization assays as described by Affymetrix, Inc. (Santa Clara, Calif.). Hybridization analyses were performed at the University of Minnesota Biomedical Genomics Center. The data obtained were analyzed by programs provided by both Affymetrix Microarray Suite 4.0 and Microsoft (Excel). Only those genes that were definitively present and statistically determined to be up-or down-regulated by twofold or more were considered in these studies.
ELISAs for chemokines and cytokines. To confirm the data from microarray analysis, ELISAs were performed on the supernatants saved at Ϫ20°C after the 3-and 6-h incubation periods. Representative chemokines and cytokines were chosen for assay. Kits were purchased from R and D Systems, Minneapolis, Minn., and included assays for chemokine ligand 20 (macrophage inflammatory protein 3␣ [MIP-3␣]), interleukin 1␤ [IL-1␤], IL-6, IL-8, tumor necrosis factor alpha [TNF-␣], and gamma interferon. All assays, including standard curve generation, were performed according to the manufacturer's specification. Absorbance values and calculated concentration of chemokines and cytokines in the supernatants were derived from the linear parts of the standard curves. In addition, supernatants from HVECs incubated for 6 h with two other superantigens, SEB (100 g/ml) and SPE A (100 g/ml), and with ovalbumin (100 g/ml; Sigma, as an irrelevant protein control) were assayed for MIP-3␣ and IL-8 for confirmation of TSST-1 activation of HVECs.
Finally, studies were conducted in an attempt to inhibit competitively the ability of TSST-1 to bind to the HVEC receptor and induce chemokine and cytokine release. Briefly, TSST-1 (100 g/ml), alone or with the dodecapeptide [Tyr-Asn-Lys-Lys-Lys-Ala-Thr-Val-Gln-Glu-Leu-Asp] (1,000 g/ml), synthesized, purified, and verified to have the correct sequence by the University of Minnesota Microchemical Facility, was incubated with HVECs for 6 h, and then chemokines and cytokines were assayed by ELISA. The dodecapeptide previously was used by others to inhibit both superantigen activity and transport of superantigens across mucosal surfaces (5, 60) . The dodecapeptide region lies outside the region of TSST-1 that interacts either with MHC class II or TCR (5) .
Measurement of porcine vaginal tissue permeability to TSST-1 ex vivo. Specimens of normal, porcine vaginal mucosa were excised from animals at slaughter, transported to the laboratory in sealed plastic bags, and utilized within 3 h of harvest. Tissue disks (8 to 10 mm in diameter) were mounted in continuous flow perfusion chambers (5-mm-diameter orifice) that were maintained at 37°C on water-jacketed blocks. An epithelial surface of 0.20 cm 2 was exposed to the donor compartment. PBS (pH 7.4) was pumped through the receiving chamber at 1.8 ml/h as a collection fluid. The chambers were incorporated into an automated continuous flow system to permit regular sampling over a 12-h period. Seven to nine replicates were prepared for each sample application.
Permeability to 35 S-labeled TSST-1 was assessed as previously described (13) . Viable (1.6 ϫ 10 9 /ml) or heat-killed TSS S. aureus MN8 cells (both approximately 100 bacteria/epithelial cell) together with 35 S-TSST-1 were applied to the epithelial surface in KSFM without antibiotics. Perfusate was collected into scintillation vials at 1-h intervals for up to 12 h. The mean of three 100-l aliquots of the labeled donor chamber was used to determine total applied radiolabel. Flux was calculated for each sampling interval from the relationship flux ϭ Q/At, where Q is the quantity of radiolabel traversing the tissue (disintegrations per minute) in time t (minutes) and A is the area of epithelial surface exposed in square centimeters. Units of flux are disintegrations per minute per square centimeter per minute.
Biopsies of intact porcine mucosa were incubated at 37°C with either PBS or with topically applied S. aureus MN8 in KSFM for up to 12 h. Following experimentation, the biopsies were fixed in formalin, wax embedded, cross-sectioned, and stained with hematoxylin and eosin for histological examination.
Informed consent was obtained from the human tissue donor, and all institutional guidelines regarding human research were followed according to The University of Iowa Institutional Review Board.
RESULTS
This study was undertaken to characterize the interactions of purified TSST-1 and TSS S. aureus with an immortalized vaginal epithelial cell line and ex vivo porcine vaginal tissue to characterize activation of the innate immune system and elucidate the mechanism(s) of TSST-1 penetration across the vaginal mucosa.
Characterization of cytokeratin production by HVECs. A mixture of monoclonal antibodies (AE1 and AE3), raised against human cytokeratins, reacted as expected (47) with the HVECs (data not shown), indicating the cells were epithelial in nature.
Adherence of TSST-1 and S. aureus MN8 to HVECs. 35 S-TSST-1 binding experiments determined 35 S-TSST-1 bound to the HVECs at approximately 5 ϫ 10 4 receptors/epithelial cell with saturation of receptors occurring within 15 min of incubation at 4°C (Fig. 1) . Gross morphological effects of purified TSST-1 (10 and 100 g/ml) on the HVECs were examined by confocal microscopy. TSST-1 at 10 g/ml had no observable effects on the HVECs (data not shown). However, HVECs appeared to lose cell-to-cell contact and contract following 6 h of exposure to TSST-1 at 100 g/ml (Fig. 2) . S. aureus MN8, cocultured at 10 9 CFU/ml with HVECs in KSFM at 37°C for up to 6 h, was found to adhere, proliferate, form aggregates on the HVECs (Fig. 3) , and make exotoxins.
Characterization of secreted virulence factors of S. aureus MNSM and MN8. MNSM and MN8, typical TSST-1-producing S. aureus strains from cases of mTSS, produced and secreted the following virulence factors when grown in KSFM medium over the 6-h incubation period with HVECs: TSST-1 (up to 80 g/ml in broth culture), ␣ hemolysin, ␦ hemolysin, protease, and lipase. Although MNSM and MN8 were determined by PCR to possess the gene for SEA, the toxin could not be detected by protein analysis.
Microarray analyses of HVEC response to TSST-1 and S. aureus MNSM and MN8. Since gross morphology changes in HVEC were observed by confocal microscopy following incubation with TSST-1 (100 g/ml) for 6 h, human genome microarray analyses of the epithelial cell response to TSST-1 (10 and 100 g/ml) were conducted with the Affymetrix Human GeneChip U133A. (Table 1 shows data from analysis of TSST-1 at 100 g/ml.) TSST-1 at 10 g/ml caused only 60 and 61 genes to be up-or down-regulated by twofold or more at 3 and 6 h, respectively (data not shown; see website at http: //www.micab.umn.edu/faculty/Schlievert.html). There was no discernible pattern to the genes that were significantly up-or down-regulated. In contrast, TSST-1 at 100 g/ml caused significant up-or down-regulation of 1,472 and 2,386 genes by twofold or more at 3 and 6 h, respectively (examples shown in Table 1 ). Notably, genes for chemokines were significantly up-regulated at 6 h, such as MIP-3␣ up-regulated by 169-fold, CXCL1 (GRO-␣) up-regulated by 84-fold, CXCL2 (GRO-␤) up-regulated by 13-fold, and CXCL3 (GRO-␥) up-regulated by 32-fold. In addition, genes for cytokines were also significantly up-regulated, such as those coding for TNF-␣ and IL-1␤, with changes of 2.5-and 2.0-fold, respectively. MHC class I classical genes (A, B, and C) and F and G genes were modestly upregulated in response to the higher dose of TSST-1 (100 g/ ml) by 6 h; these genes were expressed at 3 h but not by greater than twofold when compared to controls. There were also large numbers of hypothetical proteins and cell regulatory genes affected by TSST-1 at 100 g/ml (data not shown). Finally, the gene for Toll-like receptor 3 (TLR-3) was up-regulated by fourfold at 3 h (data not shown); no other TLR genes were significantly up-or down-regulated by TSST-1 (100 g/ml).
Cells of S. aureus strain MNSM (100 bacteria per epithelial cell) were compared to untreated controls at 3 and 6 h. The S. aureus MNSM data were confirmed by similar studies with TSS isolate MN8 at 6 h. S. aureus MNSM stimulated the up-or down-regulation of 341 and 410 genes by twofold or more compared to controls following 3 and 6 h of incubation with HVECs, respectively ( Table 1) . As observed with TSST-1 at 100 g/ml, S. aureus MNSM also up-regulated chemokine and cytokine genes. The genes most up-regulated at 6 h were MIP- up-regulation of 1.2-and 1.5-fold at 3 and 6 h, respectively (data not shown). Similar to TSST-1 (100 g/ml), an up-regulation of MHC class I F gene expression by 1.9-and 2.3-fold was produced following incubation with S. aureus MNSM for 3 and 6 h, respectively. The data concerning up-regulation of chemokine and cytokine genes were reproduced by evaluating a second mTSS S. aureus strain (MN8) following 6 h of incubation with HVECs; similar results were observed (Table 1) . S. aureus MN8 significantly expressed the TLR-2 gene, which was up-regulated by TLR-2 at 6 h by 2.5-fold (data not shown). A complete listing of genes that were affected by TSST-1 at 10 and 100 g/ml and by S. aureus strains MNSM and MN8 can be found at http://www.micab.umn.edu/faculty/Schlievert.html. ELISAs of HVEC response to TSST-1, SEB, and SPE A. Representative chemokine and cytokine genes up-regulated following HVECs exposures to TSST-1 (100 g/ml), as determined by microarray analysis, were confirmed by protein analysis with ELISAs. Specifically, cytokine (IL-1␤, TNF-␣, and gamma interferon) and chemokine (MIP-3␣, IL-6, and IL-8) concentrations were determined. Both IL-1␤ and TNF-␣ were detected in the supernatant following incubation of HVECs with TSST-1 at 100 g/ml for 6 h (12 and 68 pg/ml, respectively), which were generally consistent with the changes in gene expression at 6 h for these cytokines of 2.0-and 2.5-fold, respectively (Fig. 4) . In contrast, gamma interferon was not detected in the supernatants following incubation of HVECs with TSST-1 (100 g/ml) from 3 and 6 h, which was consistent with the lack of activation of this gene by TSST-1 compared to that of the control. Three chemokines (MIP-3␣, IL-6, and IL-8) were tested and detected in the supernatants following incubation of HVECs with TSST-1 (100 g/ml) for 6 h, with concentrations of 240, 15, and 475 pg/ml, respectively.
Additionally, HVECs were again incubated for 6 h with TSST-1 (100 g/ml), ovalbumin (100 g/ml), SEB (100 g/ml), and SPE A (100 g/ml), and then ELISAs were performed FIG. 4 . Production of cytokine and chemokine proteins by HVECs after exposure to 100 g of TSST-1 per ml at 3 and 6 h as measured by ELISA. Control HVECs exposed to medium alone did not produce detectable cytokines and chemokines. with supernatants for MIP-3␣ and IL-8 ( Table 2 ). TSST-1 (100 g/ml) induced similar production of the two chemokines, as was observed to be produced by HVECs incubated for 6 h with TSST-1 (100 g/ml) in the microarray studies. Ovalbumin (100 g/ml) did not stimulate production of MIP-3␣ and IL-8, suggesting the TSST-1 effect was not the result of simply having exposure to any exogenous foreign protein ( Table 2 ). The other two superantigens at 100 g/ml (SEB and SPE A) induced similar production of MIP-3␣ and IL-8 to TSST-1 (100 g/ml), confirming those data ( Table 2) . Studies were also performed to further characterize the TSST-1 receptor on the HVECs that was involved in stimulation of chemokines and cytokines. In these studies, 10-fold excess amounts (in micrograms per microgram) of the dodecapeptide [Tyr-Asn-Lys-Lys-Lys-Ala-Thr-Val-Gln-Glu-Leu-Asp], which previously had been shown to inhibit both superantigenicity and mucosal transport by a TCR-and MHC II-independent mechanism (5, 60), were incubated with HVECs for 6 h and TSST-1 (100 g/ml) and then ELISAs were performed to detect MIP-3␣ and IL-8. The dodecapeptide competitively inhibited TSST-1-induced release of both MIP-3␣ and IL-8 ( Table  2) .
ELISAs of HVEC response to S. aureus MNSM and MN8. TNF-␣ and IL-1 concentrations of 139 and 36 pg/ml, respectively, were detected in the supernatants from experiments with HVECs incubated with S. aureus MNSM for 6 h (Fig. 5) . The detection of TNF-␣ and IL-1␤ in the supernates at 6 h correlated with up-regulation of the genes for these cytokines by 11-and 4-fold, respectively (Table 1) . Chemokines, MIP-3␣, IL-8 and IL-6, were also detected in supernatants from experiments with HVECs incubated with S. aureus MNSM at 3 and 6 h. At 6 h, the concentrations of tested chemokines were 80 pg/ml for MIP-3␣, 33 pg/ml for IL-6, and 88 pg/ml for IL-8. The amounts generally correlated with the up-regulation of the genes for these chemokines at 6 h (Table 1) . However, the correlation of up-regulation (fold) of the MIP-3␣ gene with MIP-3␣ protein detected by ELISA is generally in the same direction, but the protein concentration was not as high as expected based on the microarray data. We have shown subsequently that proteases made by TSS S. aureus strains MNSM and MN8 degrade MIP-3␣ protein (data not shown), and this likely contributed to the lack of complete concordance between gene and ELISA data for MIP-3␣ and possibly other chemokines. Gamma interferon was not detected in the supernatants from experiments with HVECs incubated with S. aureus MNSM at either time point, again consistent with the lack of up-regulation of this gene. HVEC controls (without TSST-1 or S. aureus MNSM) showed no detectable cytokines or chemokines at 3 and 6 h. The lower limit of detection for all cytokines and chemokines was 4 to 16 pg/ml and depended on the cytokine or chemokine. Data obtained by ELISAs of S. aureus strain MN8 incubated for 6 h also confirmed the same chemokine and cytokine release by the HVECs (data not shown).
35 S-labeled TSST-1 penetration of porcine vaginal tissue ex vivo in the presence of TSS S. aureus MN8. Previous research has demonstrated that porcine vaginal tissue is an excellent model of human vaginal tissue in that the cellular architecture and permeability barriers are similar (13) . Our studies also provided evidence that TSST-1 penetrated normal intact porcine vaginal mucosa poorly, suggesting that other factors, such as inflammation, may facilitate TSST-1 penetration (Table 3 ). The total amount of 35 S-labeled TSST-1 penetrating across porcine vaginal tissue was increased significantly in the presence of viable TSS S. aureus MN8 (200 ng) over the 12-h period compared to that in untreated control tissue (36 ng).
FIG. 5. Production of cytokine and chemokine proteins by HVECs after exposure to 10
9 CFU of TSST-1-producing S. aureus MNSM per ml at 3 and 6 h as measured by ELISA. Control HVECs exposed to medium alone did not produce detectable cytokines and chemokines. Table 3 ). The data suggested that secreted factors from the viable organisms contributed significantly to the increased radiolabeled TSST-1 penetration. Histological examination of the tissue incubated with viable TSS S. aureus indicated desquamation of superficial epithelial cells and separation of the upper epithelium from the basement membrane region so as to create subepithelial blistering. This was accompanied by a marked subepithelial lymphocytic infiltrate (Fig. 6 ), which was surprising in an ex vivo specimen isolated from vascular perfusion.
DISCUSSION
TSS is an acute-onset illness that typically begins with colonization of mucosal surfaces by TSST-1-producing S. aureus (14, 46, 58) . The majority of S. aureus strains that cause mTSS are highly related and clonally derived from the same ancestral strain as the two used in our studies, MNSM and MN8 (45) . Once S. aureus colonizes the mucosal surface, the organism must produce TSST-1 in order to cause TSS (8, 56) . Although the precise in vivo factors that regulate TSST-1 production have not been determined, numerous in vitro studies have identified important environmental conditions that favor toxin production, such as 37°C, at least 2% O 2 and 7% CO 2 , minimal glucose, protein, and pH near 7.0 (29, 53) .
TSST-1 is recognized today as a member of the large superantigen family of proteins, which also includes staphylococcal enterotoxins (SEs) and SPEs (39) . Superantigens cross-bridge MHC class II molecules on antigen-presenting cells with variable region ␤ chains of TCRs (16, 35, 39, 41, 42) . The consequence of superantigen cross-bridging of T cells with antigenpresenting cells is a massive systemic release of chemokines and cytokines from both the T cells, dominated by Th1 cell activation, and macrophages (16, 35, 39, 41, 42) . The significant release of chemokines and cytokines results in the clinical features of TSS (1, 49, 51) . A skewing toward Th1 responses might also be expected to cause concurrent suppression of Th2 cell responses, manifested in suppression of antibody production (1, 49, 51) . A characteristic of women who develop mTSS is the failure to develop neutralizing antibody responses to TSST-1 (46) .
In the case of mTSS, TSST-1 must first cross the vaginal mucosal barrier. Previous collaborative studies using ex vivo porcine vaginal tissue suggested that purified TSST-1 alone (concentrations Յ50 g/ml) is unlikely to penetrate the vaginal mucosa in sufficient amounts to cause TSS (13) . Porcine vaginal mucosa has a nonkeratinized stratified squamous epithelium and a superficial permeability barrier that is identical in structure and function to that of humans (61) . The studies described in this article were initiated in an attempt to characterize the interaction between S. aureus or TSST-1 and HVECs. The results of our microarray studies of the HVEC response to S. aureus and TSST-1 at 6 h suggested that significant activation of the innate immune system occurred in part by an up-regulation of genes for chemokines and cytokines. Ex vivo studies with porcine vaginal tissue were also initiated to assess whether or not activation of the innate immune system occurs in response to TSS S. aureus and whether activation may facilitate TSST-1 transport. These studies demonstrated that incubation of the porcine vaginal tissue with TSS S. aureus resulted in both influx of lymphocytes into the tissue, consistent with innate immune system activation, and increased TSST-1 flux across the intact vaginal mucosa compared to that in untreated control tissue.
Initial studies determined that both TSS S. aureus MN8 and purified TSST-1 bound to immortalized, premenopausal HVECs. Although these HVECs were immortalized, they retained important properties (47) of normal human vaginal epithelial cells, such as growth inhibition by contact and synthesis of the appropriate cytokeratins. TSS S. aureus MN8 was shown to adhere to HVECs and replicate, suggesting interac- tions between staphylococcal surface adhesins with receptors on HVECs. There were also clear epithelial cell morphological changes induced by the high dose of TSST-1 (100 g/ml) following 6 h of incubation at 37°C, consistent with toxin interaction with the cells.
The observation of approximately 5 ϫ 10 4 TSST-1 receptors/ HVEC is consistent with prior studies in which findings of similar receptor numbers (approximately 10 4 /conjunctival epithelial cell) were obtained (31, 32) . The two characterized receptors for TSST-1 on human cells are MHC class II molecules and TCRs (35, 39) . Studies suggest only 5 to 7% of epithelial cells that have not been stimulated with cytokines are positive for MHC class II molecules; however, the number increases substantially following exposure to gamma interferon (2, 27) . Potentially, MHC II molecules on the surface of the HVECs were receptors for TSST-1. However, this seems unlikely, since gamma interferon, which would lead to up-regulation of MHC class II genes, was not detected in the cell culture supernatants from any of the TSST-1 experiments, nor was there evidence by microarray analyses of significant upregulation of MHC class II gene expression. Similarly, epithelial cells are unlikely to have TCR molecules, suggesting the toxin is binding to a novel receptor. The existence of a novel receptor for TSST-1 on the cell surface of epithelial cells has been previously suggested. Arad et al. (5) showed that all superantigens have the ability to stimulate cross-immunity against each other through interaction of a dodecapeptide region of the molecules with a host cell receptor not involving MHC II or TCR. Later, Shupp and colleagues suggested that this receptor was important for superantigen transcytosis across mucosal surfaces (60) . In addition, the SEs, which are members of the superantigen family, have receptors on intestinal cells that lead to emesis and diarrhea associated with food poisoning; these biological effects are independent of superantigenicity (26, 54) . Finally, we showed in the present studies with use of the same dodecapeptide that the peptide competitively inhibits TSST-1-induced chemokine release from HVECs.
Microarray analyses examined the vaginal epithelial genes that were differentially regulated by coculture of immortalized HVECs with purified TSST-1, S. aureus MNSM, and S. aureus MN8. The TSST-1 concentrations, 10 and 100 g/ml, are in the approximate range of TSST-1 produced in vitro by S. aureus MNSM and MN8 grown in KSFM. The TSST-1 10-g/ml dose caused minimal effects on gene expression. These data did not suggest a mechanism by which TSST-1 alone could alter the mucosal surface. However, extensive up-regulation of chemokine and cytokine genes by the higher dose of TSST-1 (100 g/ml) was observed. Chemokines and cytokines released by the HVECs are likely to have the following primary effects: (i) recruitment and activation of cells involved in local inflammation and (ii) participation in activation of the adaptive immune system (6, 50) .
The effect of TSS S. aureus MNSM and MN8 on epithelial cell gene expression demonstrated, that like the high dose of TSST-1, S. aureus caused significant up-regulation of chemokine and cytokine genes. Although real-time PCR was not performed to confirm the microarray data, the up-regulation of chemokine and cytokine genes resulted in increased production and secretion of both chemokine and cytokine proteins at 3 and 6 h, providing more definitive confirmation of the microarray findings. These data, demonstrating up-regulation of chemokine and cytokine genes in HVECs in response to TSS S. aureus, combined with the skewed Th1 response seen in mTSS, raise three important possibilities: (i) TSST-1 will be able to cross the mucosa as a result of inflammation induced by the presence of TSS S. aureus; (ii) the local manifestations of TSS, including development of the rash and mucosal sloughing, occur due to the initial chemokine and cytokine response of the epithelial cells and subsequent TSST-1 activation of CD4 ϩ T cells and macrophages; and (iii) microbes, such as S. aureus, produce virulence factors, including superantigens, that preferentially promote Th1 adaptive immune responses at the expense of the host developing Th2 responses that would lead to development of neutralizing antibody responses. This skewed response is initiated by the microbial interaction with epithelial cells.
The major categories of genes that were up-regulated in response to S. aureus MNSM, S. aureus MN8, and TSST-1 (100 g/ml) at both the 3-and 6-h time points were those that encode chemokines and cytokines that promote inflammation and have the potential to skew adaptive T-cell immune responses to Th1. For example, MIP-3␣ was induced by 208-and 478-fold in response to S. aureus MNSM at 3 and 6 h, respectively. MIP-3␣ is a C-C chemokine that is known to direct maturation specifically of Langerhan's cells into dendritic cells in the epidermis and to regulate T-lymphocyte development (12, 15) . The CXC chemokine genes for CXCL1 (GRO-␣), CXCL2 (GRO-␤), and CXCL3 (GRO-␥), which have effects on neutrophil attraction and regulate T-cell development (28, 38) , were highly significantly up-regulated (20-to 50-fold) in response to the organism at both 3 and 6 h. Many of the manifestations of TSS, including rash and hypotension, are consistent with a dominant Th1 response. Hypothetically, vaginal epithelial cell responses to TSS S. aureus may lead to the production of specific chemokines that skew the adaptive response to Th1. This has also recently been suggested in the case of skin exposure to certain allergens that mediate contact hypersensitivity (3, 7) .
The reason for the high up-regulation of MIP-3␣ specifically in response to the TSS strains MNSM and MN8 and to TSST-1 is unknown. However, the chemokine is one of the most significant molecules released by damaged epithelium to signal adaptive immune responses (57) . Other mucosal surface pathogenic microorganisms and agents that induce inflammation have been studied for induction of innate immunity, and there is abundant evidence for induction of chemokines such as IL-6 and IL-8 (4, (19) (20) (21) . In addition, although not always seen in our studies, there are data to suggest that HVECs constitutively produce low levels of chemokines such as IL-6 and IL-8 (18) .
An up-regulation of the chemokine CCL2 (MCP-1) gene was not observed by microarray analysis. CCL2 (MCP-1) is also known to be a monocyte chemoattractant protein (62) . Previously, a study reported that transformation of vaginal epithelial cells with HPV E6/E7 genes suppressed expression of CCL2 (MCP-1), while not having effects on IL-6 and IL-8 gene expression (20) . As the HVECs used in the present study were immortalized with the HPV E6/E7 genes, the suppressive effects of these genes may have prevented the up-regulation of the CCL2 gene.
A critical, yet unexplained, aspect of TSS is the mechanism(s) of TSST-1 penetration across the vaginal mucosal surface into the circulation, where T cells and macrophages are induced to produce cytokines, such as IL-1-␤ and TNF-␣. These two cytokines are the primary causes of fever and hypotension in TSS, respectively (16, 39, 42) . Examination of our microarray data, collectively, suggests that TSS S. aureus cells induce local inflammatory responses as a result of interaction with the epithelium, with release of potent chemokines and cytokines potentially resulting in the increased permeability in the mucosal barrier to facilitate TSST-1 penetration. The microarray studies led to examination of the response of ex vivo porcine vaginal tissue to TSS S. aureus. The observation that TSS S. aureus caused an influx of lymphocytes into the upper epithelium of the ex vivo porcine tissue is consistent with innate immune system activation. The accompanying tissue damage, including cell desquamation and epithelial blistering, likely facilitated the significant increase in TSST-1 penetration across the intact tissue that was measured. This tissue provides an excellent model for the study of TSST-1 penetration across the mucosal barrier. The changes seen in the tissue, loss of surface cells and separation of the epithelium at the basement membrane, are both consistent with changes seen on autopsy of TSS patients (34) . The histologic effects were due primarily to secreted virulence factors, since heat-killed TSS S. aureus did not have as large an effect on radiolabeled TSST-1 penetration of the epithelium as viable cells.
Staphylococcal exoproteins may provoke inflammatory responses. Hemolysins, such as ␣ hemolysin, are known to induce inflammation and dermonecrosis of the skin (16) . The strains used in this study, MNSM and MN8, were determined to produce small amounts of ␣ hemolysin. S. aureus strains that grow on mucosal surfaces usually make low levels of ␣ hemolysin, sufficient to induce local low-level inflammation, but insufficient to induce massive inflammation and significant epithelial necrosis (55) . It is also likely that the high levels of TSST-1 that can be made in biofilms (1 to 1.5 mg/ml) may contribute to induction of inflammation and facilitate its own penetration across the mucosa (52) . In a prior study that showed TSST-1 did not penetrate intact porcine tissue well, the highest concentration of TSST-1 studied was 50 g/ml, which may be insufficient to induce inflammation (13) .
One of the major pathways to activation of the innate immune system by gram-positive bacteria is through TLRs, most notably TLR-2. TLR-2 is primarily activated by peptidoglycan and lipoteichoic acids (9) . Our microarray studies showed modest and variable up-regulation of TLR genes, with TLR-2 being most affected with either S. aureus MNSM or MN 8. TLR-2 has been shown to be constitutively expressed by immortalized HVECs and would be expected to be activated by bacterial cells (19) . Therefore, this TLR may participate in activation of HVECs by TSS S. aureus. In contrast, TSST-1 (100 g/ml) caused variable up-regulation of the gene for TLR-3 but not other TLR genes. The role of this TLR in TSST-1 activation of HVECs is unclear.
A potentially interesting and surprising effect of TSST-1 (100 g/ml) on the HVECs was a modest but consistent upregulation of genes that affected MHC class I types. MHC class I molecules are responsible for endogenous processing of antigens and presentation of antigenic peptides on the cell surface (23, 24) , with MHC class I gene up-regulation by epithelial cells enhanced by gamma interferon (2, 27) . The significance of our data is unknown and awaits further study. MHC class II genes were not up-regulated in our studies by either TSST-1 (100 g/ml) or TSS S. aureus strains.
In sum, our studies demonstrate that TSST-1 and TSS S. aureus interact with HVECs to cause significant innate immunity gene activation. Of particular importance is the observation that the most affected genes in HVECs were those that lead to chemokine and cytokine synthesis in response to S. aureus. Histologically, significant subepithelial lymphocytic infiltration and separation of the epithelium from the connective tissue at the basement membrane region, with concomitant desquamation of epithelial cells, were noted when intact tissue was preincubated with MN8 live cells prior to topical application of radiolabeled TSST-1. Hypothetically, the inflammatory response of vaginal epithelial cells to S. aureus triggers immune activation cascades that result in TSST-1 penetration across the vaginal mucosa.
